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ABSTRACT 
 
This chapter is dedicated to investigate Aero/hydro elastic 
phenomena such as Fluttering, Galloping, Buffeting and Vortex Induced 
Vibration (VIV) for energy harvesting. This chapter includes three 
sections.  
In the first section, the energy of vortex is probed by analytical 
method and discussed about its different terms. The second section is 
devoted to consider the basic principle of Aero/Hydro elastic phenomena.  
Eventually, in the third section, application of Hydro/Aero elastic 
phenomena in energy harvesting by piezoelectric materials is 
investigated. Important parameters that have influence on piezoelectric 
harvesters are indicated and discussed. Moreover, in this section, a 
benchmarking is performed to evaluate harvesters that utilize different 
phenomena. 
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INTRODUCTION 
 
All societies require energy services to meet basic human needs (e.g., 
lighting, cooking, space comfort, mobility, communication) and to serve 
productive processes. The quality of energy is important for development 
process. Sustainable social and economic development requires assured and 
affordable access to the energy resources. This may cause the application of 
different strategies at different stages of economic development [1].  
Supply and consumption analysis of the world energy has revealed that 
the global energy consumption has been increased gradually up to two times 
from 1973 to 2012. The supply and consumption of energy were 255.6 EJ and 
195.6 EJ in 1973, respectively while these amounts have aroused to 559.8 EJ 
and 375.9 EJ, in 2012 [2]. In 2013, the global energy consumption has shown 
an increasing rate of 2.3% [2]. The major part of energy supply dedicates to 
the oil and coal that have a limited amount. Therefore, energy harvesting 
techniques and their applications are expanding and becoming more attractive 
especially with advance in renewable energy. The current dependence on 
fossil and nuclear fuelled power plants reduces by the renewable energy 
technologies that give appropriate non-polluting alternatives to cope with the 
growing demand of electrical energy [3].  
Among the various kinds of renewable energy resources like solar, ocean 
waves, biofuel, wind, water current and so on that are employed in harvesting 
large scale of energy (in scale of KW and MW), the small scale of energy 
harvesting (in scale of W and less) from the water and air current with efficient 
converters located in center of attention recently. The small scale energy 
converters are usually exploited to perpetually feed low consumption devices 
often remote sensing or portable electronics like Long-term environmental 
monitoring in wilderness areas or the ocean, mobile robots, portable 
instruments and measurement devices etc. These converters should be as small 
as possible to install on consumers; hence, they should be high-tech in 
harnessing energy. Furthermore, to harvest the energy of the current (water or 
air), the converters should be even capable to capture the kinetic energy of 
very low velocity streams.  
According to mechanics, any motion in nature has capability to generate 
energy. Thereupon, we can conclude that induction of motion by current is an 
essential step for harvesting energy. Various body motions in the nature are 
known to stem from vortex around them. The vortex dissipates energy of the 
moving body, but, besides that, it is also capable to stir up a stationary body to 
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move. In other words, motion induced by vortex on the body is one of the 
sources of energy harvesting from the current.  
The Vortex Induced Motion (VIM) has different kinds but can be 
categorized in two main groups as oscillatory motion and continuous rotation. 
The oscillatory motions are known as hydro/aero elastic motions and consider 
by aeroelastic theories. Flutter, Galloping, Buffeting and VIV1 are some 
aeroelastic phenomena that will be investigated in this chapter. The continuous 
rotation such as autorotation is not considered in this chapter. 
The VIM phenomena may use for harnessing energy of the current with 
hydraulic head less than 2m which is known as hydrokinetic energy 
conversion. Some hydrokinetic energy converters can be found in [1]  
and [3 to 10]. 
This chapter investigates energy harvesters that generate power by a direct 
conversion of the flow into mechanical vibrations using the phenomenon of 
Von Karman vortex shedding and harvesting power using piezoelectric 
transducers. The principle behind the operation of all these turbines is 
capability of vortex for motion induction in their components. Hence, in the 
first section, the rate of change of energy of the vortex will be considered 
theoretically. 
 
 
VORTEX ENERGY 
 
The vortex is defined as rotating region in fluid medium that can be 
simplified by many concentric circular layers which rotate with different 
angular velocities [11]. In each vortex, the fluid particle velocity is largest next 
to its center, and decreases in inverse proportion to the distance from the 
center. The fluid outside the vortex can be supposed as an ideal flow whereas 
the fluid particles inside it experience great gradient of shear layer due to the 
discrepancy of velocity in different layers.  
Any moving vortex carries some angular and linear momentum, energy, 
and mass with itself. A vortex generated from moving body plays a role of 
damper by dissipating energy of the body [12], but sometimes, the energy of 
vortex can be transferred to stationary body and excites it to move. According 
to former discussion, it is important to figure out the energy of vortex. In this 
section, an analytical method will be developed to comprehend the energy of 
vortex and also rate of change of its energy. The analytical method begins with 
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finding the vorticity form from the momentum equation, then carries on to find 
the rate of change of energy of vortex.  
MOMENTUM EQUATION 
 
The incompressible Navier-Stokes vector-form equation is a nonlinear 
partial differential equation of second order which in the absence of body force 
reduces as follow [13]: 
 
𝜌 [
𝜕𝑣
𝜕𝑡
+ (𝑣. 𝛻)𝑣] = −𝛻𝑝 + 𝜇𝛻2𝑣 (1) 
 
where 𝑣 is a vector representing the velocity of an infinitesimal element of 
mass at a point in 3-D space, 𝑝 is the scalar pressure at the same point,  is the 
mass density at the point and is assumed constant throughout the medium,  is 
the viscosity of the medium. From vector algebra [14]: 
 
(𝑣. 𝛻)𝑣 =  
1
2
𝛻𝑣2 − 𝑣 × (𝛻 × 𝑣) (2) 
 
𝛻2𝑣 = 𝛻(𝛻. 𝑣) − 𝛻 × (𝛻 × 𝑣) (3) 
 
The vorticity (?⃗⃗? ) of a flow is a vector equal to the curl of its velocity field 
(𝑣 ) and is defined as below: 
 
𝜛 = 𝛻 × 𝑣  (4) 
 
By substitution of Equations 2 to 4 into the Equation 1, the vorticity form 
of momentum equation will be derived as:  
 
𝜌 [
𝜕𝑣
𝜕𝑡
+  𝑣 × 𝜛] = −𝛻 (𝑝 +
𝜌𝑣2
2
) − 𝜇𝛻 × 𝜛 (5) 
 
 
RATE OF ENERGY  
 
Kinetic energy of a moving object with mass m and velocity v is equals to 
multiplication of momentum of body (mv) in its velocity (v). Thus, equation of 
kinetic energy of the fluid can be derived by dot product of momentum 
equation (equation 5) and velocity (𝑣 ) [13]:  
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𝑣. {𝜌 [
𝜕𝑣
𝜕𝑡
+  𝑣 × 𝜛] = −𝛻 (𝑝 +
𝜌𝑣2
2
) − 𝜇𝛻 ×𝜛} (6) 
Reforming the above equation results 
 
𝑣. 𝜌
𝜕𝑣
𝜕𝑡
− 𝑣. (𝑣 × 𝜛) = −𝑣. 𝛻 (𝑝 +
𝜌𝑣2
2
) − 𝜇𝑣. 𝛻 × 𝜛 (7) 
 
In the left hand side of the last equation, the first term is equals to 
𝜕
𝜕𝑡
(𝜌
𝑣2
2
) 
and also second term according to vector product is equals to zero [𝑣. (𝑣 ×
𝜔) = 0]. By vector calculus [14]:  
 
𝑣. (𝛻 × 𝑞) = 𝑞. (𝛻 × 𝑣) − 𝛻. (𝑣 × 𝑞) (8) 
 
According to definition of vorticity, last term of equation 7 will be written 
as follow:  
 
𝑣. (𝛻 × 𝜛) = 𝜛2 − 𝛻. (𝑣 × 𝜛) (9) 
 
Now, it is possible to revise the equation 7,  
 
𝜕
𝜕𝑡
(𝜌
𝑣2
2
) + (𝑣. 𝛻) (𝜌
𝑣2
2
) = −𝑣. 𝛻𝑝 + 𝜇𝛻. (𝑣 × 𝜛) − 𝜇𝜛2 (10) 
 
Based on the definition of material derivative[
𝐷𝑞
𝐷𝑡
= 
𝑑𝑞
𝑑𝑡
=
𝜕𝑞
𝜕𝑡
+ (𝑣. ∇)𝑞], 
the left hand side of the last equation is the material derivative of 𝜌
𝑣2
2
 or 
𝑑
𝑑𝑡
(𝜌
𝑣2
2
). Furthermore, by utilizing 𝑣. ∇𝑞 = ∇. (𝑣. 𝑞) − 𝑞. (∇. 𝑣) from the 
vector calculus theory, and also the definition of incompressible flow (∇. 𝑣 =
0), the first term in the right hand side of Equation 10 shall be rewritten as 
𝑣. ∇p = ∇. (𝑣. 𝑝). Finally, by substitution of the simplified form of each term 
as explained in this paragraph, the rate of kinetic energy can be written as:  
 
𝑑
𝑑𝑡
(𝜌
𝑣2
2
) = −𝛻. (𝑣. 𝑝) + 𝜇𝛻. (𝑣 × 𝜔) − 𝜇𝜛2 (11) 
 
The rate of change of total kinetic energy of the fluid surrounding the 
body is then found by integrating the equation 11 over the volume V from S1 
to S2 (see Figure 1) where the surface S1 is taken to be coincident with the 
body surface instantly, and then letting S2 recede, 
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𝑑
𝑑𝑡
∭𝜌
𝑣2
2
 𝑑𝑉 = −∭𝛻. (𝑣. 𝑝)𝑑𝑉 + 𝜇∭𝛻. (𝑣 × 𝜛)𝑑𝑉 − 𝜇∭𝜛2𝑑𝑉  
(12) 
 
Using divergence theorem, the volume integral can be reduced to surface 
integral as ∭∇. 𝑞 𝑑𝑉 = ∬𝑞. 𝑛 𝑑𝑠, then the last equation is reformed as 
follow:  
 
𝑑
𝑑𝑡
∭𝜌
𝑣2
2
 𝑑𝑉 =∬(𝑝. 𝑣)𝑛1𝑑𝑠1⏟        
𝐴
− 𝜇∬(𝑣 ×𝜛)𝑛1𝑑𝑠1⏟            
𝐵
− 𝜇∭𝜛2𝑑𝑉
⏟        
𝐶
 
(13) 
 
Here, the direction of unit normal n1 is into the control volume.  
Based on equation 13, three terms of the total kinetic energy of a body in 
fluid flow are categorized into two parts as exciting and dissipating energy. 
Term A is the total energy that is given by fluid to the existing body as 
pressure distribution and appears in the form of lift and drag forces. Second 
term (term B) is devoted to energy loses by contraction of current velocity and 
fluid vorticity. This term is known as lamb vector and also the expression 
“vortex force” in the literature has been denoted to this vector. It is easy to 
show that the lamb vector is zero for plane flows (2D flow). In addition, the 
critical point of the lamb vector is appeared wherever the velocity and vorticity 
being aligned [15]. Moreover, the third term is known as total enstrophy of the 
system and represents the energy dissipation by vorticity per unit volume in 
stationary fluid which is proportional to the second moment of the vorticity 
field (𝜛2). The last pair of terms is known as viscous dissipating energy part 
[16, Art. 329]. In other words, energy of moving fluid is scattered by viscosity 
and vorticity due to shear stress of the fluid layers. Although, these scattered 
parts of energy in hydro/aero dynamic commonly emerge in the form of the 
vortex, dissipation in the form of heat is other way. Therefore, the scattered 
parts of energy capture and carry by vortex that moves into the fluid. On the 
other side, the vortex generation repeats periodically and vortices are detached 
from the body; take energy and move into the flow till vanish. This periodic 
process is known as vortex shedding. Now, if other body places in the way of 
vortices can absorb their energy and consequently can move.  
Energy Harvesting by Hydro/Aero Elastic Phenomena … 7 
Stirring up the body by the vortex is known as Vortex Induced Motion 
(VIM). VIM of oscillating type is called aero/hydro elastic motion, depending 
on the medium. In air, the oscillatory motion of the elastic body is considered 
by aero-elastic theory while in water it is investigated as hydro-elasticity. 
Aero-elastic phenomena in subsonic (incompressible) flow can be extended to 
hydro-elasticity due to the same basic. This chapter investigates aero-elastic 
phenomena in incompressible regime of the fluid flow. Therefore, in this 
chapter, the aero-elasticity is equivalent to the hydro-elasticity. Since the term 
aero-elasticity is well known, the terminology of the aero-elastic is used 
hereafter instead of the hydro-elastic. 
 
 
Figure 1. The control surface used to integrate the kinetic energy equation. 
 
AEROELASTIC PHENOMENA  
 
A well-known phenomenon on bluff body in aerodynamics is the alternate 
shedding of vortices and the associated unsteady aerodynamic forces acting on 
the body. These unsteady aerodynamic forces induce a motion in the body 
which can be characterized as an aerodynamic instability. This instability 
results from the occurrence of negative aerodynamic damping [17]. As said in 
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former section, all of these phenomena in subsonic regime of aerodynamic are 
extendable to hydrodynamic. 
The induced oscillation in a system is recognized as a source of 
destruction due to fatigue, but in other point of view, it can be taken into 
account as a source of energy that can be extracted. In other words, a wreckful 
manner can be exploited in constructive usage. In some circumstances, energy 
harvesting from these destructive phenomena is implemented as a good 
strategy to immune the high-risk structures from failure, such as airplanes 
[18]. Almost, the harnessed mechanical energy from structure is in small scale 
that can be consumed to feed low power devices like wireless sensors, remote 
monitors, etc.  
In this section, a brief introduction is presented for various aerodynamic 
instability phenomena, such as vortex-induced vibration, galloping, flutter and 
buffeting, in order to carefully select an appropriate phenomenon for energy 
harvesting purpose in the small scale.  
 
 
VORTEX INDUCED VIBRATION (VIV)  
 
When an elastic bluff body encounters uniform fluid flow, for high 
enough Reynolds numbers (Re > 100, say) the flow separates from the body 
surface and generates an unsteady broad wake. This wake is recognized by 
two vortices in each side of the body which are shed into the current 
periodically. This periodic vortex shedding causes an asymmetric pressure 
distribution around the body that generates periodic forces. Therefore, a 
limited amplitude vibration may occur in a body due to the periodic forces. 
This phenomenon is known as Vortex-Induced Vibration (VIV) and is a 
classical-type of aero/hydro dynamic instability phenomenon. 
A full knowledge of the vorticity field would yield the vortex force 
through the concept of vorticity impulse. Koumoutsakos and Leonard [19] 
proposed the total vortex force on a body (per unit length) in a viscous flow is 
calculated as: 
 
𝐹𝑉 = 𝜌
𝑑
𝑑𝑡
∫(𝜔𝐴 × 𝑥)𝑑𝑉 +
𝜌𝜋𝐷2
4
𝑑𝑈
𝑑𝑡
 (14) 
 
where, 𝜔𝐴 is entire vorticity in the flow field minus “part” of the distribution 
of vorticity attached to the boundary in the form of a vortex sheet [20].  
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Increase in the current velocity from zero makes an increase in the vortex 
shedding frequency. Eventually, there is a flow velocity at which the 
frequency of vortex shedding is close enough to the natural frequency of the 
body when the body is oscillating in resonance regime. In VIV, the resonance 
is called lock-in, wherein significant oscillation is induced in the body if 
values of the mass and mechanical properties become sufficiently low [20]. 
Figure 2 represents a typical curve of velocity–amplitude of this phenomenon 
in low mass ratio and also its different regimes of oscillations. The same figure 
is found in many references such as [20 to 23]. As shown in this figure, free 
vibration of the body at low mass and damping is associated with the existence 
of an upper branch of high amplitude response, which appears between the 
initial and lower branches whereas this branch is not recognized in high mass 
ratio [20]. However, the upper branch corresponds to “Lock-in” or 
“synchronization” in VIV; the frequency of the lower branch is not close to the 
natural frequency. 
 
 
Figure 2. Typical amplitude of oscillation in vortex induced vibration (VIV) versus 
velocity with different regime of oscillation. 
This phenomenon can be observed in many branches of engineering such 
as civil structures, like slender chimneys stacks, tall buildings, electric power 
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lines or bridges, in offshore and ocean engineering like mooring lines of 
offshore structures, under water pipe lines, in mechanical engineering like in 
the tubes of heat exchange devices. 
Note that VIV includes two groups of cross flow VIV and in-line flow 
VIV. The response of in-line (IL) direction has often been neglected in earlier 
VIV research because response amplitude of cross flow is significantly large 
[24]. However, structural damage of fatigue due to in-line VIV may become 
considerable and even more critical than cross-flow VIV. To justify the claim, 
two reasons can be given [24]: 
 
 In-line VIV is initiated at lower current velocity than cross-flow VIV, 
and will hence take place more. 
 In-line VIV response will take place at twice the frequency of cross-
flow VIV, which means that the number of stress cycles due to the 
former can become twice the number of last one. 
 
 
Flutter 
 
This term has its origin in the early days of aeronautics when destructive 
instabilities were encountered with aircraft wings and control surfaces. Flutter 
instability is a divergent type, self-controlled aero/hydro dynamic vibration on 
the foils [25]. Nevertheless, flutter is usually the term applied to class of 
aeroelastic phenomena of aircraft structures but, events like a fluttering leaf on 
a tree, a vibrating automobile antenna, or blinds flapping in the wind actually 
reveal fluid-flow induced flutter. Moreover, after the Tacoma Narrows Bridge 
accident in 1940, the flutter instability of bridge decks of long-span bridges 
has become a major concern in their design [26]. 
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Figure 3. Schematic of an airfoil in unstable condition. 
As mentioned in forgoing paragraph, the study of this phenomenon was 
commenced to aerodynamically stabilize airfoils in coupled motion of heave 
and pitch. A simplified two-dimensional representation of an airfoil is shown 
in Figure 3 where the foil is restrained elastically in torsion and vertical 
bending. The aerodynamic lift forces classically places in one-quarter of chord 
aft of the foil leading edge, so-called “Aerodynamic center” [27]. In Figure 3, 
the center of rotation is taken into account as the connection point of the 
elastic axis. If the center of gravity places aft of the center of rotation, this 
situation is aero-elastically unstable. On the contrary, the stable condition 
comes from putting the center of gravity forward of the center of rotation. As a 
result, it is important in aircraft design to place the center of gravity in front of 
the center of rotation. 
In flutter instability, the center of gravity is normally aft of the elastic axis, 
resulting in inertial coupling between the two degrees of freedom [26]. The 
sequence of positions of the foil as it oscillates through a flutter cycle is shown 
in Figure 4. The phase difference is an essential part of the instability in flutter. 
In this process the two independent plunging (heave) and pitching (torsional) 
frequencies are driven together by aerodynamic stiffness terms. This coupled 
motion will initiate when the encounter flow reaches to special velocity. This 
velocity is known as “cut-in velocity” or “flutter boundary velocity”.  
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Figure 4. Airfoil with flutter motion. 
Singh et al. [28] have justified the cut-in speed by means of responsible 
part of fluid for flutter instability. They have reported that the oscillation 
happens for a certain range of current speeds regardless to geometry. The 
interesting point which was reported in their work is that the inviscid part of 
the fluid is responsible for instability because the inviscid forces cause to finite 
amplitude oscillations. Also, they have stated that the viscous part of flow only 
extends the range of speed corresponding to instability without any changes on 
the fundamental physics of flutter oscillations. Furthermore, Fei and Li [29] 
have given an empirical equation for critical flutter speed, which can be 
written as: 
 
𝑈𝐶 =
1.76 𝑟
𝐵
√
𝑚
𝜋𝜌
(𝜔𝑅
2 −𝜔𝑉
2)  (15) 
 
where r is radius of gyration of the cross-section (I=mr2); m is the mass per 
unit length; B is the structure width;  is the flow density; and R and V are 
the circular frequencies in rotational direction and out-plane direction, 
respectively. 
By observing nonlinear bifurcations, aeroelastic responses can be 
determined in the vicinity of the flutter boundary. This nonlinear analysis can 
determine the Limit Cycle Oscillation (LCO) stability [30].  
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Figure 5. Bifurcation plot of the amplitude-velocity of Flutter phenomenon. 
In Figure 5 a general bifurcation plot depicts two different LCO responses. 
It can be clearly seen that when weakly nonlinearities are present in the 
aeroelastic system the LCO quickly reach large amplitude with a consequent 
divergent behavior. Conversely, strong nonlinearities create a more stable 
LCO response. While the system should theoretically experience self-excited 
LCO at and above the linear flutter speed, it is also possible that, once excited, 
LCO will in fact be sustained at speeds below the linear flutter speed. These 
large amplitude oscillations below the linear flutter speed are generally termed 
as ‘‘subcritical’’ LCO [31]. 
The flutter includes various types such as torsion-plunge coupled 
instability (“flutter”), unstable torsion (“divergence”), single degree of 
freedom oscillation (“stall flutter”) [32]. 
 
 
Galloping 
 
If an elastic body is stirred up to oscillate in fluid at rest, due to structural 
damping and also viscosity of the surrounding fluid, the energy of motion is 
dissipated and oscillation is damped. Suppose the same body placed in fluid 
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flow. The fluid forces, generated by relative motion of body and fluid, cause 
the amplitude oscillation descend and body remains stable, or ascend and 
motion becomes unstable. Therefore, the stability or instability of the body 
depends on the ratio between the transmitting energy to vibrating body due to 
the forces and the dissipated energy from the system that is named energy 
ratio. Hence, the body becomes unstable if the energy ratio is greater than 1 
and, on the contrary, becomes stable if the ratio of energy is less than 1. 
Galloping is known as fluid dynamic instability that is induced in an 
elastic structure due to internal turbulence of the fluid or any other reason 
which provides initial disturbance. Therefore, galloping enhances any initial 
small motion of the structure. The oscillations occur in a plane normal to the 
oncoming flow velocity. Moreover, galloping is a typical instability of 
structures with certain type of cross-sections such as non-circular sections (e.g. 
rectangular section, D-section,), non-symmetric and prismatic. Different 
expressions have been stated by different researchers for the possibility of 
galloping. Jung and Lee [25] have stipulated that the derivative of the lift 
coefficient should be negative for occurrence of galloping. This condition has 
been named by them as Glauert–Den Hartog condition.  
On the other side, Van Oudheusden [33] has proposed essential condition 
as a negative fluid dynamic damping for onset of galloping. These two 
conditions express same phrase because the fluid force is considered as a 
contribution to the total damping of the system (fluid dynamic damping) [34]. 
To prove the similarity of these conditions, we write the total damping 
coefficient as: 
𝜉𝑇 = 𝜉 +
𝜌𝑈𝑏
4𝑚𝜔𝑛
(
𝑑𝐶𝐿
𝑑𝛼
+ 𝐶𝐷)|
𝛼=0
 (16) 
 
Based on Van Oudheusden’s condition, the oscillation will be stable if 
ζT>0 and unstable if ζT<0. As the mechanical damping ζ is generally positive, 
instability will only occur if (
𝑑𝐶𝐿
𝑑𝛼
+ 𝐶𝐷) < 0, an expression known as Glauert-
Den Hartog criterion. From fluid mechanics, we know that the drag coefficient 
of non-circular cross section in low angle of attack (𝛼 ≪ 1) is approximately 
zero, thus the Glauert-Dog Hartog criterion is true if the derivative of the lift 
coefficient becomes negative. Hence, it states Jung and Lee conditions. 
Therefore, it has been proven that the statements of Jung and Lee and Van 
Oudheusden are equivalent. Generally, these two conditions express a similar 
concept that galloping will happen if energy ratio becomes greater than 1. 
As stated in former paragraph, the sufficient condition for galloping is 
negative damping (ζT<0), and according to equation 16: 
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(
𝑑𝐶𝐿
𝑑𝛼
+ 𝐶𝐷)|
𝛼=0
< −
4𝑚𝜁𝜔𝑛
𝜌𝑈𝑏
 (17) 
 
It is worth to discuss about right hand side of inequality of 17 to derive 
possible conditions of occurrence of galloping for all bodies. The right hand 
side of 17 tends to zero when the velocity increases. In other words, the 
possibility of galloping increases as velocity increases. Moreover, the former 
discussed term tends to infinity when the velocity goes to zero. It states that 
galloping will only be possible beyond a minimum threshold value of the 
incident fluid velocity [34].  
This minimal value of U is known as the critical velocity for the onset of 
galloping. In the following of the former conclusion, it could be concluded that 
increase in the structural damping causes an increase in the critical velocity. In 
Figure 6, the typical curve of amplitude-velocity of galloping has been given. 
As demonstrated in this figure, galloping is started in a very low current 
velocity when structural damping is zero. The critical velocity corresponding 
to the different structural damping is clearly shown in this figure. 
In galloping phenomenon, the elastic body oscillates at much lower 
frequency than one of the vortex shedding found in the Kármán vortex street 
[34]. Therefore, galloping is not characterized as resonance type vibration. On 
the other side, due to the oscillation of the structure in low frequency, analysis 
of galloping may adopt a quasi-steady approach. It means that at each instant 
the unsteady forces are set equal to those occurring in an equivalent steady 
situation, with the same relative motion between structure and flow. 
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Figure 6. Typical curve of the amplitude of galloping with respect to velocity. 
 
Buffeting  
 
In general, buffeting is defined as response of the structure to an 
aero/hydro dynamic excitation which is created by a viscous phenomenon. 
This excitation, so called “buffet”, is induced due to the pressure fluctuation 
on the body surface and therefore can occur in any part alongside of the body 
in the flow [35]. For induction buffet into structures submerged in subsonic 
regime of the fluid flow, three main sources can be pointed out as: 
 
 Separation of the flow on the surface of body.  
 Instability due to upstream obstacle such as vortex shedding of other 
bluff body. 
 Free stream turbulence due to meteorological phenomena 
 
The first source of buffeting (buffeting due to flow separation) can be 
observed in wings of the aircrafts. Flow separation on the wings due to flight 
in the high angles of attack creates wide range of exciting frequency which 
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generates dynamic response on the wings. This dynamic response is known as 
buffeting due to the flow separation. About the second source, it is now well-
known that there is a relationship between buffet and Von Karman Vortex 
Street that arises from wake oscillations behind a blunt body [36]. This type of 
buffeting also is known as wake buffeting. Wake buffeting is common in 
urban areas with many tall structures. The third source (pressure fluctuation of 
buffeting due to natural turbulence of flow) can produce significant vertical 
and torsional motions of a bridge even at low speeds.  
The amplitude of buffeting, as shown in Figure 7, increases by increasing 
flow velocity gradually but irregularly [25]. Therefore, buffeting will happen 
in all ranges of flow velocity but its amplitude may become so small in very 
low velocity that cannot be seen obviously. In other words, buffet does not 
have any critical onset velocity and also upper limited range, but it does not 
approve that all ranges of buffet are destructive. However in aeronautics, the 
onset of destructive range of buffeting is crucial so far and researchers are 
trying to find a method to predict the onset of this phenomenon [35]. Buffeting 
is known as transient oscillation, thus, it is categorized as random vibration. 
 
 
Figure 7. Typical curve of the amplitude of buffeting with respect to velocity. 
These phenomena can be observed on aircraft, rocket, turbo-machine 
stages, bridges, buildings, etc. For example, buffeting limits the flight 
envelope of civil aircraft. However, it seems that buffeting is not dangerous 
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and destructive but it can increase the structure fatigue, disturb the aircraft 
maneuverability and decrease the passengers’ comfort. Moreover, high 
performance aircraft, especially those with twin vertical tails like the F/A -18, 
commonly are subject to buffeting [36]. 
Buffeting is mostly dynamic in nature and altering the stiffness or 
damping of structure will not necessarily change the fatigue load due to 
buffeting [37]. Rarely, buffeting plays a constructive role, for instance in 
biology. Recently, it has been found that a freshly killed fish is capable of 
moving upstream within the Karman vortex street generated by a D-shape 
cylinder [39]. 
 
 
Small Scale Energy Harvesting 
 
Usually, we need energy converters to extract energy for consumption in 
small devices that are portable. These devices usually are known as low power 
consumers and therefore, an efficient energy harvester in size and performance 
is searched. This section investigates the capability of energy harvesting of 
former discussed phenomena by means of especial materials which have 
piezoelectricity. These materials are utilized for generating energy in small 
amount that is called small scale energy harvesting. In appropriate design, 
piezoelectric harvesters are good options for using in low-power consumers 
because of their small size and high efficiency.  
 
 
Piezoelectric 
 
In words, piezoelectricity is referred to electricity consequence from 
pressure and technically is applied for electric charge that collects in certain 
solid materials (such as crystals, certain ceramics, plastic and so on) in 
response to mechanical strain. For example, lead zirconate titanate crystals 
will generate measurable piezoelectricity when their static structure is 
deformed by about 0.1% of the original dimension [38]. The piezoelectric 
effect is a reversible process. In other words, the piezoelectric materials 
generate electricity when exposed to a mechanical strain and, conversely, 
change shape when exposed to an electric field.  
Everywhere in around, there are many sources of vibration, including 
ambient and aeroelastic vibrations, which could be employed to produce 
electrical energy. Hence, over two past decades, many attempts have been 
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conducted for converting these sources of vibrations to electric power by 
transducers. A transducer is any device used to convert energy from one form 
to another. For example, hydrophone is known as transducer for converting 
changes in water pressure to an electrical output. A piezoelectric transduction 
(as shown in Figure 8) is designed to convert the mechanical vibrations to 
electric energy. In this figure, a thin film of the piezoelectric material (here is 
PVDF) covers the surface of substrate material (i.e., aluminum plate) and 
generates electricity when is excited by deformation of substrate. The PVDF 
or Polyvinylidene fluoride is a plastic material that shows a strong 
piezoelectricity. The mechanical deformation in substrate material can be 
induced by ambient vibrations or aero/hydro elastic phenomena such as 
fluttering, galloping and so on. 
 
 
Figure 8. Schematic of a piezoelectric transducer which is applied for converting 
aeroelastic vibration to electricity  
 
Appropriate Aeroelastic Phenomena and Key Parameters 
 
One branch of studies on piezoelectric materials for energy harvesting is 
dedicated to motions induced by vortices in the fluid flow that, as said before, 
is known as Vortex Induced Motions (VIM). This chapter is dedicated to 
discuss about special form of VIM that is called aero-elasticity which appears 
as vibrating motions. In the following, two distinct sources of oscillation on 
elastic piezoelectric materials are discussed.  
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Figure 9. Schematic of the piezoaeroelastic power harvester patch by fluttering 
(courtesy of Ertruk et al. permission by AIP publishing licence). 
The first source is known as flutter instability (see Figure 9). The flutter 
instability is one of the well-known VIM phenomena on the body immersed in 
the fluid which has been explained in section 2.2. General equations of flutter 
motion in the piezoelectric harvester are expressed as follow: 
 
(𝑚 +𝑚𝑎)ℎ̈ + (𝑚 +𝑚𝑎)𝑥𝛼𝑏?̈? + 𝑑ℎℎ̇ + 𝑘ℎℎ −
𝑘𝑒𝑣
ℓ⁄ = −𝐿 (18) 
 
(𝑚 +𝑚𝑎)𝑥𝛼𝑏ℎ̈ + (𝐼𝑝 + 𝐴𝑝)?̈? + 𝑑𝛼?̇? + 𝑘𝛼𝛼 = 𝑀  (19) 
 
𝐶𝑝
𝑒𝑞?̇? + 𝑣 𝑅𝐿⁄
+ 𝜃ℎ̇ = 0 (20) 
 
where h is the translation displacement (Plunge), α is the displacement of 
rotation (pitch), m is the total mass of foil and fixtures per span length, ma is 
added mass of the foil per span length (ma≈0 in aerodynamic), Ip is the 
moment of inertia per length about the reference point P where h is measured, 
Ap is added moment of inertia per length (Ap≈0 in aerodynamic), b is the semi-
chord length, ℓ is the span length (into the page), xα is the chord-wise off-
center of reference point which is dimensionless, kh is the plunge stiffness per 
length, kα is the pitch stiffness per length, L is the lift per length, M is the 
pitching moment per length, dh and dα, respectively, are the structural damping 
coefficients in the plunge and the pitch direction, Rl is the load resistance, v is 
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the voltage across the resistive load, Ceqp is the equivalent capacitance of the 
piezoelectric material layers, and ke is the electromechanical coupling term 
and an over-dot represents differentiation with respect to time.  
The second source comes from an unsteady flow which is created by an 
upstream obstacle. This obstacle in upstream causes the oscillatory wake that 
these vortices create alternating low pressures towards the downstream side of 
the object which induce fluctuating forces and consequently displace the body 
in a direction perpendicular to the flow. In brief, the vortices are shed 
periodically behind the bluff body and consequently the body starts oscillating.  
This source is known as buffet instability (see Figure 10) which has been 
described well in section 2.4. For investigation of buffeting phenomenon in 
piezoelectric materials, the cantilever beam theory is usually applied because 
in the most cases, a beam is cantilevered behind a bluff body as shown in 
Figure 10. These transducers are often referred to as benders, bimorphs, or 
flexural elements. 
 
 
Figure 10. Schematic of the piezoaeroelastic power harvester patch by Buffeting. 
The total power P delivered to the cantilever beam is defined by Dummon 
et al. [31] as follow:  
 
𝑃 = 0.5 𝑚 𝜔𝑉 ∫ (∆𝑋𝑜𝑢𝑡 𝜔𝑉)
2𝐿
0
𝑑𝑥  (21) 
 
where ∆Xout is the out-of-plan deflection (see Figure 11), m is the mass per 
length, L is the length of the beam, and V is the oscillation frequency of 
plunge (vertical direction) in radian per second. 
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Figure 11. Schematic modes of deflection of the bimorph (piezoelectric beam mounted 
as a cantilever). 
The expression for the out-of-plan deflection can be calculated from the 
classical plate theory as below, taking L as the length of the plate, ?̃?𝑚𝑎𝑥 as the 
maximum experimental normalized tip displacement at a particular flow 
velocity and 𝜙𝑡𝑖𝑝 as the maximum tip displacement of the appropriate 
normalized mode-shape: 
 
∆𝑋𝑜𝑢𝑡 =
?̃?𝑚𝑎𝑥
𝜙𝑡𝑖𝑝
𝐿𝜙2  (22) 
 
here 𝜙2 is the normalized second structural mode-shape. On the other side, the 
efficiency of the system is defined as the ratio of the harvested energy to the 
fluid kinetic energy flux through the section occupied by the system: 
 
𝜂 =
𝑃
0.5 𝜌 𝑈3𝐴
  (23) 
 
Note that A is taken as the area defined by the width of the plate 
multiplied by twice its maximum physical amplitude qmax at the appropriate 
flow speed (U). For cross flow energy harvesters, A is defined as the exposed 
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area of the plate in fluid and is calculated as A=W  L which L and W are the 
length and the width of the plate, respectively. Finally, the efficiency of 
piezoelectric beam for axial flow direction is calculated as: 
 
𝜂 =
0.5 𝑚 𝜔𝑉 ∫ (
?̃?𝑚𝑎𝑥
𝜙𝑡𝑖𝑝
𝐿𝜙2 𝜔𝑉)
2𝐿
0 𝑑𝑥 
𝜌 𝑈3(𝑊𝑞𝑚𝑎𝑥)
 𝐴𝑥𝑖𝑎𝑙 𝑓𝑙𝑜𝑤  (24) 
 
As an example of usage of buffeting phenomenon to generate 
piezoelectric energy in hydrodynamic, Allen and Smits [40] have placed a 
piezoelectric membrane or ''eel'' in the wake of a bluff body in the water 
current to generate electricity. In this work, buffeting oscillation in the 
membrane has been induced by using the von Karman vortex street forming 
behind the flat plate. 
The frequency of oscillation in piezoelectric materials is one of key points 
of this type of energy production. Goldfarb and Jones [41] have analyzed the 
efficiency of the piezoelectric material across a spectrum of the frequencies for 
the purpose of investigation in electric energy generation. They have stated 
that, at frequencies above 100 Hz, the efficiency of the stack actuator was 
negligible and also the highest efficiency was obtained at 5 Hz. In other word, 
they found that ambient range of frequencies (up to 100 HZ) is suitable for 
harvesting energy by piezoelectricity. In the same subject, Shu and Lien [42] 
have proved analytically that lower frequency of this kind of energy harvesters 
causes higher efficiency. They have derived an exact formula for conversion 
efficiency of piezoelectric energy harvesters under steady state operation as: 
 
𝜂𝑚𝑎𝑥 =
𝛾
2𝜋𝑓∗+𝛾
  (25) 
 
where 𝛾 = 𝑘𝑒
2 𝜁𝑚⁄ , 𝑘𝑒 is the electromechanical coupling coefficient which 
depends on the characteristics of the piezoelectric materials, 𝜁𝑚 is the 
mechanical damping ratio and f* is the normalized frequency (f/fN). They have 
concluded that, in general, high efficiency of energy harvesting achieves in 
high value of parameter γ [42] or low value of frequency (f*).  
On the other side, Figure 12 gives an overview about the effect of 
deflection on the generated current and voltage. As shown in this figure, 
increase in deflection causes to produce higher current and voltage. Operating 
point is corresponding to the point where the current and voltage are 
maximum. Therefore, we can conclude that a self-excited system which tends 
to oscillate at its natural frequency is more appropriate for piezoelectric energy 
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harvesters because the deflection of the system would be significant due to 
resonance. A major advantage of resonance is that the energy harvesting 
devices can be optimized to have their peak efficiency at a specific operating 
frequency which is called operating point. Therefore, piezoelectric energy 
harvester shall be designed for a known exploitation so that the system reaches 
resonance easily. 
Hence, we can stipulate that in order to extract higher amounts of energy 
from piezoelectric materials, vibration phenomena with low frequency and 
simultaneously large amplitude are preferred. 
 
 
Figure 12. Typical diagram of Voltage versus current of piezoelectric materials for 
different strain (deflection). 
In general, the introduced aeroelastic phenomena (i.e. flutter, galloping, 
etc.) are categorized as low and moderate frequency vibration phenomenon. 
The frequency of phenomena has been given in Table 1 for some cases of 
energy harvesting. For instance, the system under flutter easily reaches to 
resonance that provides large amplitude of oscillation. Hence, the induction of 
flutter phenomenon in the piezoelectric materials which are immersed into the 
fluid flow causes to harvest energy with high efficiency.  
Another key parameter is known as minimum current speed or cut-in 
speed. Bryant and Garcia [43] have found that the flutter energy harvester 
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necessarily needs a minimum current speed below which it cannot operate (see 
Figure 13).  
 
Figure 13. Typical threshold of instability and harvesting efficiency as function of 
normalized velocity U* and mass ratio M* and efficiency for β =1 and ke = 0.5. The 
black dash line is threshold of critical velocity, below which =0 (Courtesy of 
Michelin & Doaré, permission by Cambridge university press). 
Accordingly, it can be concluded that the equilibrium state of the body 
becomes unstable above a critical flow velocity and the dynamic vibrations of 
large amplitude can be developed on the structure. 
The cut-in velocity as an important design parameter of any piezoelectric 
harvesters would be constrained by size, mass, and material limitations in any 
practical application. As said in forgoing paragraphs, the instability will occur 
above the cut-in velocity, thus, these parameters affect on the threshold of the 
instability in each case. A typical threshold of critical velocity is shown in 
Figure 14 for different non-dimensionalized structural parameters. In this 
figure, Uc* is the critical normalized flow velocity, M* is the mass ratio, ke is 
the piezoelectric coupling and  is the tuning parameter for the output circuit. 
Indeed, β is the ratio of the non-dimensional timescale associated with the 
output RC-loop [44]. 
Furthermore, the power generation characteristics of piezoelectric for 
current speed above the cut-in are affected by nonlinearities such as 
nonlinearities in the mechanism and also the aerodynamic loading. The 
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nonlinear behavior of piezoelectric materials in the energy harvesting context 
has been investigated by Triplett and Quinn [45]. They have reported that the 
power output is predicted properly in design process by including the role of 
nonlinearities in the electromechanical coupling (ke in parameter γ of equation 
25). Therefore, the nonlinearity is another key parameter for piezoelectricity. 
Thus, by implementing the nonlinearity, ultimately, the prediction of the 
power harvested from the system can be improved. 
 
 
Comparison of Phenomena for Piezoelectric Energy Harvesting 
 
The cut-in speed of the phenomena such as flutter and buffeting is 
comparatively high and their amplitudes increase drastically with increasing 
velocity. Therefore, harvesting energy steadily in variable current speed using 
these phenomena is difficult. On the other side, vortex-induced vibration is 
started at relatively low speed (as shown in Figure 2). According to section 
2.1, resonance of VIV occurs only within a very narrow range of current speed 
and out of this range, the amplitude is relatively small. Therefore, an energy 
harvesting system using vortex-induced vibration may be inefficient. 
For providing an overview of contribution of these phenomena in 
piezoelectric energy harvesting, a brief review has been performed by key 
points of these types of converters. For different phenomena, important 
parameters such as critical velocity, frequency and normalized amplitude of 
oscillation, mass ratio and generated power are given in Table 1. 
According to Table 1, it can be concluded that a cross-flow configuration 
produced remarkably more power than a parallel-flow configuration, 
especially without a bluff body. Furthermore, in the cross flow, vibrating 
phenomena initiate in the low current velocity because the value of critical 
velocity in the cross flow is lower than the axial flow.  
Reaching a power density and cost effectiveness is the key challenge for 
designing such energy harvesters. In Figure 15 and Figure 16, a comparison 
based on energy production capability and size of harvester has been 
performed for piezoelectric harvesters in Table 1 which have been considered 
experimentally. 
This comparison is named power density analysis which considers power 
generation per device mass (W/kg) and also power generation per device 
volume (W/m3). This comparison between aero-elastic phenomena reveals that 
galloping may be economically more appropriate than others for an energy 
harvesting system since generates higher energy per weight in relatively 
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moderate size. Also, galloping may occur at relatively low speeds and has a 
wide range of speeds with large but finite amplitude.  
  
Figure 14. Critical flutter velocity as a function of the mass ratio M* for a) β =1 and varying ke and b) ke = 0.5 and varying β (Courtesy of Michelin & Doaré, 
permission by Cambridge university press).  
 
  
 Table 1. Brief review of studies have been done about piezoelectric  
 
Researcher Method Uc (m/s) f (Hz) M* 
( 𝑚
𝜋𝜌𝑏2
) 4 
Power (mW) 
?̃?𝑚𝑎𝑥
 1 
Vibration Source U [m/s] 
(Regime) 
Flow 
Direction 
Dunnmon et al. [31] Exp. 28 20 0.336 2.5  0.46 Buffeting 27 (Sub)2 Axial 
Erturk et al. [46] Exp. - Theor. 8.9 5.14- 5.17 0.04 10.7  0.12 Flutter 9.30 (Super)3 Axial 
Tang et al. [47] Com. 32.3 & 8.97 37.1 & 6.1 0.2 & 0.5 232000& 1000  0.15 & 0.3 
Flutter 
(Flutter mill) 
40 & 12 
(Super) 
Axial 
Bryant and Garcia [48] Exp. – Theor. 1.9 3.7 0.007 2.2 0.195 Flutter 2-9 (Super) Axial 
Zakaria et al. [49] Exp. 7 39 - 0.265 0.05 Flutter 7-10 (Super) Axial 
Michelin & Doaré [44] Com. 5-16 2-8 0.1-20 max=12 0.59 Flutter 5-20 (Super) Axial 
Li et al. [50] Exp. 1.5-4 - 0.08 0.61 - 
Flutter 
(for different stalks) 
8 (Super) 
Cross 
Abdelkefi et al. [51] CFD 0.96 0.167 149.1 0.01 0.323 VIV 1 (Super) Cross 
Jung et al. [52] Exp. 1 4.8 0.003 300-1130 0.36-0.76 Wake Galloping 1.8-5.6 (Super) Cross 
Sirohi & Mahadik [53] Exp. 2.5 4.167 30 1.14 0.22 Galloping 2.5-4.7 (super) Cross 
1Normalized Amplitude of oscillation by length or chord. For VIV chord length is replaced by cylinder diameter.  
2Sub: Experiment has been conducted below the critical velocity. 
3Super: Experiment has been conducted above the critical velocity. 
4b is plate width. In VIV case is radius of cylinder. 
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Figure 15. Comparison of power density (W/kg) for different model of piezoelectric 
energy harvester. 
 
Figure 16. Comparison of power density (W/m3) for different model of piezoelectric 
energy harvester. 
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Figure 16 demonstrates that solid-state vibration devices (stalks) can 
harvest energy by exploiting flutter phenomenon to extract energy from low 
velocity, maybe irregular flows, at considerably small volumes. Based on this 
conclusion, Dickson [54] envisioned a piezoelectric flutter system that would 
not only be efficient, but aesthetically-pleasing and safe. This system is a tree-
like construct with multiple piezoelectric “stalks” with polymeric “leaves” 
attached to the stalks. In this concept, as shown in Figure 17, synthetic 
piezoelectric leaves are connected to a stem and these leaves flap in the wind. 
The device is then able to convert the energy in the wind into electric power. 
For leaves, the piezoelectric material of Polyvinylidene Fluoride (PVDF) is 
used as the basic component, as it could withstand unpredictable wind 
strength. 
 
 
Figure 17. Conceptual sketch and realization of “piezo-tree” generator, based on 
Dickson idea (Photo from http://www.environmentteam.com/2010/02/06/piezoelectric-
tree-to-produce-electricity-from-wind-energy). 
Piezoelectric energy harvesters have been interested for feeding low-
power consumption devices because their energy output typically produces 
relatively high voltages (in order of 30 V) and low currents [55]. Such a low 
current and high voltage can be useful in micro-electromechanical systems, 
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sensors which measure unsteady characteristics of the flow such as turbulence 
levels or vortex shedding frequency, actuators and health monitoring and 
wireless sensors, or replacing small batteries that have a finite life span or 
would require hard and expensive maintenance [56]. The piezoelectric 
materials also allow that manufacturing methods of microelectromechanical 
systems (MEMS) greatly decrease the overall size of the device [55]. 
The major limitations facing researchers in this field revolve around the 
fact that the power generated by piezoelectric materials is far too small 
(typically in order of the mW) to power most electronics. Therefore, methods 
of increasing amount of energy generated by these devices or developing new 
and innovative methods of accumulating the energy are the key technologies 
[57]. 
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